Apart from a handful of proteins encoded by the mitochondrial genome, most proteins residing in this organelle are nuclear-encoded and synthesised in the cytosol. Thus, delivery of proteins to their final destination depends on a network of specialised import components that form at least four main translocation complexes. The import machinery ensures that proteins earmarked for the mitochondrion are recognised and delivered to the organelle, transported across membranes, sorted to the correct compartment and assisted in overcoming energetic barriers.
Introduction
Protein trafficking is a vital cellular process in which proteins are transported from their site of synthesis to locations within cells where they function. In eukaryotes these locations are numerous, as cells are organised into several compartments formed from single or multiple membrane boundaries. Nuclear-encoded proteins, which are synthesised in the cytosol, are transported for example to organelles such as mitochondria, the endoplasmic reticulum (ER), peroxisomes, the nucleus and chloroplasts. A small number of proteins are encoded by the genomes of mitochondria and chloroplasts, and these add to the complexity of protein trafficking pathways. Here we shall discuss recent advances in our understanding of the mechanisms of import of nuclear-encoded proteins into mitochondria, and also the export pathway to the inner membrane that is used by mitochondrially encoded proteins.
Because of the way the mitochondrion is divided into four subcompartments -the two aqueous chambers (intermembrane space and matrix) and two membranes (the outer and inner membranes) -there are multiple pathways for protein translocation into this organelle. Most of the ~1,000 mitochondrial proteins are encoded by the nuclear genome, synthesised in the cytosol on free ribosomes as precursor proteins and then transported into or across mitochondrial membranes with the aid of a handful of distinct complexes ( Figure 1 ). Targeting information resides within the protein itself; this may take the form of an aminoterminal extension or 'presequence', though for many membrane proteins it is contained within the mature protein [1] [2] [3] [4] . The transfer of mitochondrial proteins from their site of synthesis in the cytosol to the surface of the mitochondrial outer membrane, where translocation begins, mainly occurs in a post-translational manner -that is, the fully synthesized protein contacts the mitochondrial import machinery [1-3,5,6]. However, a co-translational mechanism of translocation cannot be excluded for some precursor proteins [1-3,5,6].
To date, a single 'translocase of the outer membrane' (TOM) complex has been described, which is the only known entry point into mitochondria for nuclear-encoded proteins. After crossing the outer membrane at the TOM complex, precursor proteins segregate, as there are two structurally and functionally distinct 'translocases of the inner membrane' (TIMs): the TIM23 and TIM22 complexes, each of which guides the import of subsets of proteins to internal compartments of mitochondria.
All proteins with an amino-terminal presequence are imported via the TIM23 translocase [7] . The transport of presequences across the membrane occurs through an aqueous pore, while the membrane potential across the inner membrane provides a driving force for this energy-requiring process [8] [9] [10] [11] . In addition, the ATP-dependent action of matrix heat shock protein 70 (mtHsp70), together with its helper proteins Tim44 and Mge1, drives to completion the unidirectional movement of precursor proteins into the mitochondrial matrix [12] [13] [14] [15] . Some inner membrane proteins, which only contain internal targeting signals, are imported with the assistance of the pore-forming TIM22 complex in a membrane potential-dependent manner [16-21]. The mitochondrial export machinery is responsible for the insertion of proteins into the inner membrane from the matrix (Figure 1 ). The action of this machinery resembles protein translocation processes in bacteria.
Targeting Signals
Two types of mitochondrial targeting signal can currently be described: presequences and internal signals. Presequences direct precursor proteins via the TOM complex to the TIM23 translocase, where they are sorted to the matrix, inner membrane or intermembrane space (Figure 2 ). One would expect presequences to have a consensus amino acid sequence, but rather they consist of a handful of subtle distinguishing properties at the level of the primary and secondary structure. They generally have a high content of basic, hydrophobic and hydroxylated amino acids, and a length of about 10-80 amino acids [22] . An amphipathic α α helix with one positive and one hydrophobic face is another common feature that is important for receptor recognition [1-3,23].
Once they are exposed to the matrix, presequences are often removed by a processing peptidase, as they are not necessary for protein function. In comparison, proteins which only contain internal targeting signals are directed to either the inner membrane, intermembrane space or outer membrane, depending on the nature of the signal -which, to date, has not been clearly defined (Figure 2 ). The internal targeting information, best characterised for members of the carrier family of the mitochondrial inner membrane, is hidden in the mature protein amongst amino acid residues important for folding and function [2] [3] [4] . The targeting information seems to be spread throughout the length of the protein [4, 24] .
The Importance of Surface Receptors for Outer Membrane Translocation
Three proteins of the mitochondrial outer membrane TOM machinery act as receptors for the recognition of targeting signals: Tom70, Tom20 and Tom22 ( Figure  3 ). Each has a large cytosolic domain anchored to the membrane, with a single transmembrane span. Tom22 also has a small, functional carboxy-terminal domain which is exposed to the intermembrane space. Tom22 forms part of a very stable general import pore (GIP) complex of the outer membrane, which additionally contains the pore-forming protein Tom40 and accessory proteins Tom5, Tom6 and Tom7 (Figure 3 
Assembly of Translocation Components
All mitochondrial translocation components are nuclear-encoded. This means that they must also be imported and assembled into multisubunit membrane complexes following synthesis in the cytosol on free ribosomes. Is a specialised machinery required for this process, or do the standard pre-existing translocation components suffice? At least for the essential poreforming protein Tom40, the evidence indicates that a combination of these possibilities leads to its correct import and assembly [49] . The Tom40 precursor is first recognised by the TOM import machinery, as for any other precursor. It is targeted to the outer membrane mainly via recognition by the receptors Tom20 and Tom22. It is then transferred to a unique sorting and assembly complex which is distinct from the mature TOM complex [49]. Upon release from this assembly complex, the Tom40 precursor is found in a partial GIP complex in association with Tom6. Assembly to the mature GIP complex from this intermediate occurs upon incorporation of Tom22 and Tom7. The TOM components that join in the late assembly of Tom40 to form the GIP complex also occur as free endogenous components, indicating that the mature complex is structurally dynamic and can exchange its subunits. Tom7 also appears to play a role in the disassembly of the GIP complex.
The Import Pathway for Precursors with a Presequence
All precursor proteins that have a presequence are targeted to a specialised inner membrane translocation machinery -the TIM23 complex (Figure 4) . The presequence is not only important for translocation of this subset of precursors across the outer membrane, but is also required for initiation of import at the inner membrane. The presequence is recognised by components of the TIM23 complex and also responds to a large electrical field at the inner membrane which actively promotes import [7-9,53].
What molecular events occur when the presequence emerges in the intermembrane space? A key player in the process is the multifunctional translocation component Tim23. Tim23 is a pore-forming integral protein of the inner membrane, which also has an amino-terminal hydrophilic receptor-like domain that extends into the intermembrane space [3,9-11,54]. Tim23's hydrophilic domain incorporates a high-affinity binding site for presequence-containing precursor proteins, continuing the chain of precursor recognition events that begins with the outer membrane TOM receptors [9, 54] .
On its way to the matrix, a presequence-containing preprotein makes contact with several binding sites contributed by Tom20, Tom22 (cytosolic and intermembrane space domains), Tom5, Tom40 and then finally Tim23 (Figures 3 and 4 A further processing peptidase, inner membrane peptidase, has its active site on the intermembrane space side. Both inner membrane peptidase subunits, Imp1 and Imp2, are homologous to the bacterial leader peptidase [67] , and they remove the sorting sequences of some proteins that are directed to the inner membrane or intermembrane space [67, 68] . Recently it was shown that, upon cleavage by mitochondrial processing peptidase, presequence peptides can be degraded by a novel mitochondrial zinc metalloendoprotease, presequence protease [69] . [85] showed that the mitochondrial import machinery can promote active unfolding of precursor proteins by unravelling folded domains from their amino terminus. Conformational changes of mtHsp70 (pulling) would promote import by capturing spontaneous small unfolding fluctuations -thus preventing local refolding -and provide an additional input of energy to overcome the activation barrier of unfolding. Indeed it has been shown that for folded precursor domains, but not for loosely folded preproteins, efficient mtHsp70-Tim44 interaction is required for import [79, 84] , indicating that a pulling mechanism is needed in the case of tightly folded proteins. Thus a fully active mitochondrial import motor is likely to act by using a combination of both passive trapping and active pulling. The purified Tim9-Tim10 complex has been shown to bind to the hydrophobic transmembrane spans of carrier proteins, rather than matrix exposed loops, and so it may act in a chaperone-like manner to prevent aggregation of these proteins when they are exposed to the aqueous intermembrane space [89] . But a carrier translocation intermediate entirely associated with the Tim9-Tim10 complex alone may not exist at any point in the translocation pathway as the translocating carrier has been found to make contact with the inner membrane while still associated with the outer membrane TOM machinery [90] . Thus transport from the outer membrane to the inner membrane occurs in a stepwise manner.
Energetics of Import of Precursor Proteins with a Presequence

The Carrier Import Pathway
Contact of translocating carriers with the inner membrane is facilitated by the membrane-associated components of the TIM22 complex. This large complex consists of three integral membrane proteins, Tim22, Tim54 and Tim18, and a small percentage of peripherally associated Tim9 and Tim10 subunits as well as 
The Export Machinery
Another major protein transport pathway in mitochondria involves the export of proteins from the matrix into the inner membrane. Proteins encoded by the mitochondrial genome and synthesised in the matrix, as well as a fraction of nuclear-encoded precursor proteins, take this route. Nuclear-encoded proteins must first be imported into the matrix via the TOM and TIM23 complexes before engaging the export machinery for Current Biology R333 
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Peripherally Furthermore, the molecular mechanisms by which translocation components such as molecular chaperones, receptors and channel-forming proteins mediate import are only partially understood. How are so many different proteins recognised by so few import components? Additional high resolution structures will certainly help our understanding of these processes. Finally further work is required to understand how proteins are assembled into multisubunit complexes. In some cases, specialised assembly components are required to assist and it seems that large complexes are structurally dynamic in order that new components can be incorporated.
